Introduction
Continuous fiber-reinforced ceramic matrix composites are promising engineering materials for high temperature structural applications such as gas turbine engines [I] . However, before these composites can be used reliably in structural applications at elevated-temperatures, a thorough understanding of their creep characteristics and the mechanisms controlling creep must be developed. Composite creep can result in severe microstructural damage in the form of fiber breakage, matrix cracking and interfacial debonding. This damage reduce the load-bearing capability and eventually cause component failure. Up-to-now, limited work has been conducted to address the problem of high-temperature creep deformation in ceramic composites with continuous fibers [2] [3] [4] . A fundamental understanding of time-dependent deformation at elevatedtemperatures is needed for further improvements in the mechanical and environmental reliability of these materials.
Previous studies indicated that the strength, toughness, fatigue and creep resistance of the unidirectional SCS-6/Si3N4 composite are superior to those of the unreinforced Si3N4 [5, 6] . However, a major drawback is that composites reinforced with unidirectional fibers usually display large anisotropy in their in-plane properties. This will severely limit the use of unidirectional composites in multi-axial loading applications [7] . As a result, laminates with different fiber orientations such as cross-ply and angle-ply have been fabricated to provide more balanced inplane properties. The strength and toughness of the [0190] cross-ply SCS-6/Si3N4 composite have been measured [6] . However, the creep behavior has not yet been characterized, This work was conducted to characterize the creep behavior of the [0/90] cross-ply SCS-6/Si3N4 composites at elevated-temperatures. The creep responses at various temperatures and stresses as well as the role of microstructural parameters on the mechanisms of creep deformation and damage were determined.
Experimental Procedure
The material used in this study was a [0/90] cross-ply SCS-6/Si3N4 composite The composite, with 20 vlo fiber loading, were prepared via a pre-preg tape lay-up technique. The composite preforms were then consolidated by hot-pressing at 1700 oc. and 70 MPa for 1 hour in a N2 atmosphere. To facilitate matrix densification, sintering additives of 5.0 wt. % Y203 and 1.25 wt. % MgO were added to the starting Si3N4 powder. A detailed description of the fabrication process can be found in References 4 and 5. Bars were sectioned from composite plates and ground to dimensions of approximately 3 x 4 x 50 mm, then polished to a 6 mm finish. Edges were chamfered to 45 0 . The creep testing was conducted in air at temperatures of 1200 to 1300°C and at stresses ranging from 100 to 200 MPa. Specimens were loaded in a four-point bending fixture of hot-pressed SiC with inner and outer span of 20 and 40 mm, respectively. Constant load was applied using a level system and a dead weight acting on the upper push rod. Load-point to centerpoint deflections were measured directly using a three probe spring-loaded LVDT scheme. Maximum outer fiber strains were calculated directly from the displacement measurements using the procedure described by Hollenberg [8] . After testing, the specimens were polished and examined using optical and scanning electron microscopy to characterize the creep deformation mechanisms.
Results and Discussion
The typical creep responses of the [0/90] cross-ply SCS-6/Si3N4 composites as a function of applied stress and temperature are shown in Fig. 1(a) and (b) . Inspection of these creep curves revealed that the composites exhibited primary creep during early stages of loading followed by transition to a secondary or steady-state creep stage. The results indicate that the composite exhibited an excellent resistance to creep in flexure under the stresses employed in this study. For an increase of applied stress from 100 to 200 MPa at 1200°C, only a slight increase in steady-state creep rate was observed. However, the creep response of the composite is sensitive to temperature change. The strain-rate increased 2 orders of magnitude as the temperature increased from 1200 to 1300°C at 200 MPa. The results for the unreinforced matrix and unidirectional SCS-6/Si3N4 composites were also plotted for comparison [2] . It is obvious that the creep resistance of both composites are superior to that of the unreinforced matrix. Also, due to the distribution of fibers, the creep resistance of the [0/90] cross-ply composite at high applied stresses is less than that of the unidirectional composite. The linear regression analysis of the creep rate/stress curves yields the stress exponent, n, which may be used to gain insight of the predominant mechanisms governing the cr.eep behavior. The mon~lithic Si3N4 displayed a bi-linear stress dependence--the stress exponent IS 1.12 and 7.87 for applied stresses below and above 128 MPa, respectively. The stress exponent of the [0/90] cross-ply composite is found to be 1.3 indicating that the ratecontrolling mechanisms is different from that of the matrix. Fig. 3 is a representative tensile zone microstructure of the composite along the [0°) lamina at st:ady state cree~.~xt:nsive fiber rupture without ma.trix era.eking was clearly shown in this micrograph. This indicated that the more creep-resistant fiber restrained the matrix from experiencing excessive extension and therefore effectively suppressed the formation of matrix cracks. A similar fiber fracture pattern was also observed in the crept unidirectional SCS-6/Si3 N4 composites [2, 3] . The mechanism accounted for the multiple fiber fracture has been attributed to matrix stress relaxation and load transfer which resulted in very high fiber stresses causing random fiber fracture. At the fiber rupture sites, the load released by the fiber is transferred back to the matrix which sustains further creep deformation. Creep deformation of the matrix continues, resulting in local stress redistribution, until intact fiber segments adjacent to or further along the ruptured fiber supply a restraining force that allow the stresses in the matrix to relax again. Subsequent fiber rupture occurred. Meanwhile, multiple fiber fracture also occurred in the [90°] lamina as shown in Fig. 3b . The multiple fiber rupture in [90°] lamina could be caused by the normal and/or shear stresses which were generated due to the mismatch in Poisson's ratio between the [0°) and [90°) laminae during creep loading. 
